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Vertebrate evolutionPossession of paired appendages is regarded as a novelty that deﬁnes crown gnathostomes and allows
sophisticated behavioral and locomotive patterns. During embryonic development, initiation of limb buds in
the lateral plate mesoderm involves several steps. First, the lateral plate mesoderm is regionalized into the
cardiac mesoderm (CM) and the posterior lateral plate mesoderm (PLPM). Second, in the PLPM, Hox genes are
expressed in a collinear manner to establish positional values along the anterior–posterior axis. The
developing PLPM splits into somatic and splanchnic layers. In the presumptive limb ﬁeld of the somatic layer,
expression of limb initiation genes appears. To gain insight into the evolutionary sequence leading to the
emergence of paired appendages in ancestral vertebrates, we examined the embryonic development of the
ventral mesoderm in the cephalochordate amphioxus Branchiostoma ﬂoridae and of the lateral plate
mesoderm in the agnathan lamprey Lethenteron japonicum, and studied the expression patterns of cognates of
genes known to be expressed in these mesodermal layers during amniote development. We observed that,
although the amphioxus ventral mesoderm posterior to the pharynx was not regionalized into CM and
posterior ventral mesoderm, the lateral platemesoderm of lampreys was regionalized into CM and PLPM, as in
gnathostomes. We also found nested expression of two Hox genes (LjHox5i and LjHox6w) in the PLPM of
lamprey embryos. However, histological examination showed that the PLPM of lampreys was not separated
into somatic and splanchnic layers. These ﬁndings provide insight into the sequential evolutionary changes
that occurred in the ancestral lateral plate mesoderm leading to the emergence of paired appendages.nimaru), eiichi@oist.jp
a@bio.titech.ac.jp (M. Tanaka).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Paired appendages are one of the most successful innovations in
the history of vertebrates. Evolution of paired appendages allowed
ancient vertebrates to develop sophisticated behavioral and locomo-
tive patterns. According to fossil records, the ﬁrst pairs of ﬁn-like
structures seem to have been acquired in the lineage of ancestral
agnathans (Coates, 1994; Janvier, 1996). The amphioxus, a living
cephalochordate, and the lamprey, a living limbless vertebrate
agnathan, are thought to have diverged prior to the emergence of
paired ﬁns (Donghue et al., 2000). Although amphioxus is not the
closest sister group to vertebrates, its genome structure and
morphology are thought to be similar to those of ancestral chordates
(Putnam et al., 2008). Likewise, the lamprey morphology has been
stable for 360 million years (Gess et al., 2006). Thus, these two
animals could potentially serve as models for developmentalcomparisons to obtain insights into the evolutionary changes that
eventually resulted in acquisition of paired ﬁns.
In gnathostome vertebrates, initiation of vertebrate ﬁn/limb buds
in the lateral plate mesoderm involves multiple steps during em-
bryonic development. The lateral plate mesoderm is ﬁrst subdivided
into the cardiac mesoderm (CM) and the posterior lateral plate
mesoderm (PLPM), which includes the presumptive paired ﬁn/limb-
forming ﬁelds. In the PLPM, Hox genes are expressed in a collinear
fashion to establish positional values along the anterior–posterior
axis. The lateral plate mesoderm then thickens and splits into somatic
and splanchnic layers. In the CM, cardiac progenitor cells from the
splanchnic layer fuse at the ventral midline to form the myocardium;
in the PLPM, the expression of limb initiation genes appears in the ﬁn/
limb-forming ﬁelds of the somatic layer to induce ﬁn/limb buds
(Logan, 2003; Ruvinsky and Gibson-Brown, 2000).
Recent studies in zebraﬁsh and mouse embryos suggest that
retinoic acid signaling delimits the size of the CM to provide an
environment that is permissive for induction of the forelimb ﬁeld in
the PLPM (Waxman et al., 2008; Zhao et al., 2009). This ﬁnding
suggests that the regionalization of the lateral plate mesoderm into
the CM and PLPM is a prerequisite for establishment of the forelimb
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Nkx2.5 is expressed in the CM (Deimling and Drysdale, 2009; Lints
et al., 1993). In the cephalochordate amphioxus, on the other hand,
the ventral mesoderm expresses AmphiNk2-tin, the ortholog of
Nkx2.5, and is thought to correspond to the lateral plate mesoderm
of gnathostomes (Holland et al., 2003; Kozmik et al., 2001). In limbless
agnathan lampreys, the CM is found in the anterior-most part of the
lateral body wall (Kokubo et al., 2010). In the lamprey embryo, a
single layer of free cells, observed posterior to the liver and the heart,
is assumed to be composed of lateral plate-derived cells (Damas,
1944; Shipley, 1887). However, no molecular evidence has been
available to support these observations, and the distribution of the
PLPM in amphioxus and lamprey remains unclear.
In gnathostomes, collinear expressions of Hox genes have been
suggested to pattern the PLPM along the anterior–posterior axis and
determine the position of ﬁns/limbs (Cohn et al., 1997; Nowicki and
Burke, 2000). However, it remains uncertain when and how ver-
tebrates acquired Hox expression in the lateral plate mesoderm
during evolution. Previous studies have shown that Hox genes are not
expressed in the so-called somites of amphioxus, which give rise to
the ventral mesoderm (Holland et al., 1992; Wada et al., 1999),
suggesting that acquisition ofHox expression occurred in the ancestral
lateral plate mesoderm after the divergence from cephalochordates.
On the other hand, Hox gene transcripts have not been clearly
observed in the lateral plate mesodermal cells of agnathan lampreys
(Takio et al., 2007; Takio et al., 2004).
In gnathostomes, cells of the PLPM proliferate and the thickened
PLPM then becomes divided into somatic and splanchnic layers.
Previous studies with transgenic mice have shown that the forkhead
transcription factor Foxf1 plays crucial roles in the separation of the
lateral plate mesoderm into the somatopleure and splanchnopleure
by creating the coelom cavity (Mahlapuu et al., 2001). In Foxf1-
deﬁcient mouse embryos, the proliferation rate of lateral plate meso-
derm cells is low, and the underdeveloped lateral plate mesoderm
fails to form a coelom (Mahlapuu et al., 2001). Furthermore, depletion
of Foxf1 results in ectopic expression of irx3, a marker for the so-
matopleure, throughout the lateral plate mesoderm (Mahlapuu et al.,
2001). These ﬁndings suggest that Foxf1 promotes growth and
differentiation of the lateral plate mesoderm and leads to its
subdivision into somatic and splanchnic layers by forming the coelom
cavity. In the somatic layers of the PLPM, expression of the T-box
transcription factor Tbx5 is found in the ﬁn/limb-forming ﬁelds
(Gibson-Brown et al., 1996; Isaac et al., 1998; Logan et al., 1998),
where it activates Fgf10 expression in the mesoderm, leading to ﬁn/
limb bud initiation (Agarwal et al., 2003; Ahn et al., 2002; Min et al.,
1998; Ohuchi et al., 1997; Sekine et al., 1999; Takeuchi et al., 2003).
Orthologous genes for Tbx4 and Tbx5 have been identiﬁed in the
genomes of both amphioxus and lampreys (Kokubo et al., 2010;
Ruvinsky et al., 2000). Amphioxus Tbx4/5 is expressed in the ventral
mesoderm posterior to the pharynx (Horton et al., 2008). Interest-
ingly, amphioxus Tbx4/5 has the potential to initiate limb outgrowth
when expressed in the PLPM of mouse embryos (Minguillon et al.,
2009). Although the developmental process of the lateral plate
mesodermal cells in lampreys has not yet been described well
(Damas, 1944; Shipley, 1887), expression of Tbx4/5 has been reported
in the putative CM (Kokubo et al., 2010), but not in the PLPM.
Here we investigated the development of the lateral plate
mesoderm of cephalochordate amphioxus and agnathan lampreys.
We show that the amphioxus ventral mesoderm posterior to the
pharynx is not molecularly speciﬁed into the CM and posterior ventral
mesoderm, whereas the lamprey lateral platemesoderm is likely to be
speciﬁed into the CM and PLPM. We also show that lampreys appear
to have acquired Hox expression domains in the PLPM. However,
unlike gnathostomes, the underdeveloped PLPM of lamprey embryos
does not split into somatic and splanchnic layers. These results allow
us to speculate about the evolutionary implications of the acquisitionof paired appendages in the lateral plate mesoderm of ancestral
vertebrates.
Materials and methods
Biological materials
Adult Florida amphioxus (Branchiostoma ﬂoridae) were collected
in Tampa Bay, Florida, USA, during the summer breeding season. Eggs
and sperm were collected from adults and used for fertilization in
vitro, and embryos were raised at 25 °C (Holland and Yu, 2004). Adult
male and female lampreys (Lethenteron japonicum) were purchased
from the Ebetsu Fishery Cooperative, Hokkaido, Japan, during the
breeding season (early June). Spawning was induced and embryos
were reared to the desired developmental stages at 16 °C in 10%
Steinberg's solution (Steinberg, 1957). Lamprey embryos were staged
according to Tahara's staging of Lampetra reissneri (Tahara, 1988), a
species closely related to L. japonicum. For in situ hybridization,
embryos were ﬁxed overnight in 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS), dehydrated in a graded methanol
series, and stored in 100% methanol at −20 °C.
Gene isolation and phylogenetic analysis
Total RNA from lampreys was extracted from stage 21–30 embryos
using an RNeasy kit (Qiagen, Hilden, Germany). cDNA was synthesized
by reverse transcription and used as a template for PCR.Weused primers
designed based on the nucleotide sequence of a putative Petromyzon
marinus ortholog found in the genome assembly PMAR3 (http://pre.
ensembl.org/Petromyzon_marinus/Info/Index) provided by the Genome
Sequencing Center at Washington University School of Medicine
(WUGSC): LjHandA, 5′-TGGGAAGAAGAGCGCGACAG-3′ and 5′-
CCGCTCGAATGTTATGTTATGATTATG-3′; LjMyb, 5′-AACGATTGGTGGA-
GAAACATGG-3′ and 5′-TTTATGCGCTGCTCTCTATCTG-3′; LjFgf7/10/22,
5′-ATACTGGAGATCACATCGGTGGAC-3′ and 5′-CTCGAGATTGG-
CAGGTGGGTAC-3′; LjFoxF1/2, 5′-TGACCATGGAGGTGTCTTCAAG-3′ and
5′-CGCCTGACATTTGAGCCTGAAC-3′; LjIrx1/3, 5′-GGACTGCAG-
CACTCGTCTTTCC-3′ and 5′-GTCGATGTTCTCCAAGTCGATC-3′. The partial
coding sequences for LjMyb (720 bp), LjFgf7/10/22 (365 bp), LjFoxF1/2
(413bp), and LjIrx1/3 (453 bp) have been submitted to GenBank under
accession numbers HQ425629, HQ425630, JN019796 and JN019797,
respectively. Phylogenetic analysis was used to conﬁrm the orthology
assignment of newly identiﬁed amphioxus and lamprey genes (Fig. S1).
Amino acid sequences were aligned using CLUSTALW (Thompson et al.,
1994).Unalignable regionswere excluded fromanalysis. TheHLH(helix–
loop–helix) and N-terminal domains of Hand, two SANT (switching-
defective protein 3, adaptor 2, nuclear receptor co-repressor, transcrip-
tion factor IIIB) domains of Myb, and a C-terminal domain of Fgf, a
forkhead domain of Fox and the homeodomain of Irx were used for each
phylogenetic analysis. The neighbor-joining (NJ) phylogenetic trees of
amino acid datasets were constructed using the Kimura model (Kimura,
1980). Bootstrapping was carried out using 1000 replicates to estimate
the degree of support for internal branches. GenBank accession numbers
for the phylogenetic reconstruction are: Human_Hand1, NP_004812.1;
Mouse_Hand1, NP_032239.1; Frog_Hand1, NP_001079128.1; Chick_
Hand1, NP_990296.1; Mouse_Hand2, NP_034532.3; Zebraﬁsh_hand2,
NP_571701.2; Frog_Hand2, NP_001107665.1; Chick_Hand2,
NP_990297.1; Human_Hand2, NP_068808.1; Fly_hand, NP_609370.2;
Human_Twist1, NP_000465.1; Human_Twist2, NP_476527.1; Chick_c-
Myb, NP_990637.1; Frog_c-Myb, NP_001081768.1; Frog_a-Myb,
NP_001081179.1; Mouse_a-Myb, NP_032677.2; Human_a-Myb,
NP_001073885.1; Chick_a-Myb, NP_990563.1; Human_c-Myb,
AAA52030.1; fruitﬂy_Myb, NP_511170.1; Human_b-Myb, NP_002457.
1; AmphiMyb XP_002591806.1; Mouse_b-Myb, NP_032678.1; Chick_b-
Myb, NP_990649.1; Human_SNAPC4-001, ENST00000298532; Human_
FGF10, NP_004456.1; Chick_Fgf10, NP_990027.1; Zebraﬁsh_fgf10a,
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Chick_Fgf7, NP_001012543.1; Mouse_Fgf7, NP_032034.1; Zebra-
ﬁsh_fgf7, NP_001007762.1; Mouse_Fgf22, NP_075793.1; Zebra-
ﬁsh_fgf22, NP_001035184.1; Human_FGF22, NP_065688.1; Frog_Fgf22,
NP_001137396.1; Human_Fgf16, NP_003859.1; Human_Fgf20, NP_
062825.1; Human_Fgf9, AAH69692.1; Human_Fgf1, NP_001138406.1;
Chick_Irx2, NP_001025507.1; Zebraﬁsh_Irx2, AAH65681.1; Zebraﬁsh_
Irx6, NP_001018869.1; Chick_Irx6, XP_001234059.1; Amphioxus_IrxA,
ACI49802.1; Human_Irx6, NP_077311.2; Mouse_Irx6, NP_071873.2;
Human_Irx4, NP_057442.1; Mouse_Irx4, NP_061373.1; Chick_Irx4,
NP_001001744.1; Zebraﬁsh_Irx4, emb|CAK10871.1; Mouse_Irx3,
NP_032419.2; Zebraﬁsh_irx3a, NP_571342.1; Chick_Irx3, AAD55977.1;
Human_Irx1, NP_077313.3; Chick_Irx1, NP_001025509.1; Human_Irx3,
NP_077312.2; Mouse_Irx1, NP_034703.2; Zebraﬁsh_Irx1, NP_997068.1;
Amphioxus_IrxC, ACF10240.1; Mouse_Irx5, EDL11086.1; Zebraﬁsh_Irx5,
NP_001038692.1; Amphioxus_IrxB, gb|ACF10239.1; Chick_Irx5,
XP_001234101.1; Human_Irx5, NP_005844.4; Mouse_Irx2,
NP_034704.1; Human_Irx2, NP_150366.1; Frog_FoxA1, NP_989419.1;
Zebraﬁsh_FoxA1, AAH56569.1: Human_FoxA1, EAW65844.1; Mouse_
FoxA1, gb|AAH96524.1; Human_FoxH1, NP_003914.1; Mouse_FoxH1,
NP_032015.1; Zebraﬁsh_FoxH1, NP_571577.1; Frog_FoxH1, NP_
001017084.1; Frog_FoxQ1, gb|ABA39837.1; Zebraﬁsh_FoxQ1,
NP_998072.1; Human_FoxF2, NP_001443.1; Zebraﬁsh_FoxF2, NP_
001077284.1; Human_FoxQ1, NP_150285.3; Mouse_FoxQ1,
NP_032265.3; Mouse_FoxF2, NP_034355.2; Frog_FoxF2, NP_
001093702.1; Human_FoxF1, NP_001442.2; Mouse_FoxF1, NP_034556.
1; Zebraﬁsh_foxf1, NP_001073655.1; Frog_FoxF1, NP_001039226.1;
Amphioxus_FoxF.
In situ hybridization and histological analysis
Amphioxus Nk2-tin, Hand, Myb, IrxC, and FoxF sequences were
retrieved from a cDNA resource for the cephalochordate amphioxus
B. ﬂoridae (Yu et al., 2007; http://amphioxus.icob.sinica.edu.tw/).
Amphioxus EST clones were kindly provided by the Academia DNA
Sequencing Center, National Institute of Genetics in collaboration
with the Department of Zoology, Graduate School of Science, Kyoto
University. AmphiNk2-tin (2100 bp) and AmphiMyb (697 bp) were
ampliﬁed from an amphioxus EST clone (bﬂv37m11 and bfga014g08,
respectively) using primers hybridizing to the published sequence
(Holland et al., 2003) or M13F, R, and subcloned into pGEM-Teasy
(Promega). Partial AmphiFoxF (830 bp; bfne015j03) were ampliﬁed
from an amphioxus EST clone (bﬂv37m11) using primers hybridizingFig. 1. Expression of AmphiHand and AmphiNk2-tin in the ventral mesoderm of late neurula
somite and early larval stages. Anterior to the left, dorsal to the top. (D, E, J, K) Transverse sect
Arrowheads indicate the distribution of AmphiHand transcripts in the ventral mesoderm. Arr
of AmphiNk2-tin. Arrowheads indicate the distribution of AmphiNk2-tin transcripts in the
described (Holland et al., 2003). en, endoderm; nc, notochord; nt, neural tube; ph, pharynx;
of the expression patterns of AmphiHand and AmphiNk2-tin in the late neurula. Transcripts o
mesoderm in the late neurula.to the published sequence (Holland et al., 2003) or M13F and
M13R, and subcloned into pGEM-Teasy (Promega). AmphiHand EST
clone (492 bp; bfga46k20) and AmphiFoxF (830 bp; bfne015j03)
were excised with HindIII/BamH1 and Nco1/EcoR1, respectively, and
cloned into pBluescript SK−. These plasmids were used as templates
for riboprobe synthesis. The nucleotide sequences of AmphiHand,
AmphiNk2-tin and AmphiMyb were deposited in the GenBank
database under the accession numbers: HQ605708, HQ605709 and
JN034593, respectively. Lamprey riboprobes for LjHandA (BAJ05622),
LjTbx4/5 (FJ905042), LjTbx20 (FJ905044), LjFgf8 (AB071892), LjHox5i
(AB125276), and LjHox6w (AB125275) were synthesized as described
(Kokubo et al., 2010; Kuraku et al., 2010; Shigetani et al., 2002; Takio
et al., 2004). Ampliﬁed LjFgf7/10/22 and LjMyb were cloned into
pGEM-Teasy and used as templates for riboprobe synthesis.
For amphioxus embryos, whole-mount in situ hybridization was
performed using a modiﬁed protocol in which RNase treatment steps
were omitted (Holland et al., 1996). For lamprey embryos, whole-
mount in situ hybridization was performed as described (Murakami
et al., 2001). Stained lamprey embryoswere bleached in 50% and 100%
ethanol in PBT (PBS with 0.1% Tween 20), washed several times in
PBT, and cleared in 50% glycerol in PBT. Selected amphioxus and
lamprey embryoswere transferred into 20% sucrose in PBS, embedded
in 7.5% gelatin in 15% sucrose, and cut into ~6- to 8-μm-thick
cryosections.
For histological analysis, stage 23 and 27 lamprey embryos were
embedded for cryosectioning as described above. Stage 30 lamprey
embryos were dehydrated in ethanol and acetone, embedded in
Technovit 8100 resin (Heraues-Kulzer, Wehrheim, Germany), and
sectioned with a FINTEC microtome (Leica). Sections were stained
with 0.01% toluidine blue O (Sigma Aldrich) in 1% NaCl, pH 2.3. All
sections were cleared in 1:2 (v/v) benzyl alcohol/benzyl benzoate.
RT-PCR
The mesoderm overlying the yolk of stage 21 lamprey embryos, and
thePLPMof stage25and27 lampreyembryoswere isolatedbydissection.
Total RNA was extracted from dissected embryos using the RNeasy Mini
kit (Qiagen). To remove genomic DNA, each RNA sample was treated
with RNase-free DNaseI (Takara). The RNA was used as a template for
synthesizing cDNAusingAMVReverseTranscriptase (Promega).Weused
primers designed based on the nucleotide sequence of Petromyzon
marinus 18S ribosomal RNA (GenBank accession number: M97575.1).
The following PCR primers for 18S ribosomal RNA and LjFoxF1/2 wereamphioxus embryos. (A–C, F–I, L) Lateral views of embryos at the 8/9-, 10/11-, 12/13-
ions at the 12/13-somite stage where indicated in (C, I). (A–F) Expression of AmphiHand.
ows indicate the invaginating AmphiHand-positive ventral mesoderm. (G–L) Expression
ventral mesoderm. Arrows indicate somites expressing AmphiNkx2-tin, as previously
so, somites. Scale bars: 100 μm in A–C, E, F–H, J. 25 μm in D, E, J, K. (M) Schematic model
f AmphiHand (green dots) and AmphiNk2-tin (light blue) are co-localized in the ventral
127K. Onimaru et al. / Developmental Biology 359 (2011) 124–136used for ampliﬁcation: 18S ribosomal RNA, 5′-ATTCTAGAGCTAATA-
CATGC-3′ and 5′-ACCCGTGGTCACCATGGTAG-3′; LjFoxF1/2, 5′-CCTCATC-
GTCATGGCGATCC-3′ and 5′-GGTCGATGGTCCAGTAGTGTC-3′.Results
Establishment of the cardiac mesoderm and posterior lateral plate
mesoderm
During development of zebraﬁsh and mouse embryos, regionaliza-
tion of the lateral platemesoderm into theCMandPLPM is thought tobe
an indispensible step for establishment of the pectoral ﬁn/forelimb
ﬁelds (Waxman et al., 2008; Zhao et al., 2009). Thus, regionalization of
the lateral platemesoderm into the CM and PLPMmay also have been a
prerequisite for acquisition of paired ﬁns in vertebrates.
To gain insight into the evolution of the lateral plate mesoderm,
we ﬁrst examined the expression of AmphiHand, the amphioxus
ortholog of Hand1 and Hand2, known to be expressed throughout the
lateral plate mesoderm in zebraﬁsh, chick, and mouse embryos
(Charite et al., 2000; Deimling and Drysdale, 2009; Srivastava et al.,
1995; Yelon et al., 2000). We observed the expression of AmphiHand
during late neurula stages (8–13 somites), when the ventral
mesoderm appears. At the 8/9-somite stage, AmphiHand transcripts
were observed in the mid-ventral region of embryo (arrowheads in
Fig. 1A). Subsequently, expression of AmphiHand expanded, reaching
the caudal end of the embryo at the 12/13-somite stage (arrowheads
in Fig. 1B–E). AmphiHand expression remained in the ventral
mesoderm at least until the early larval stage (arrowheads in Fig. 1F).Fig. 2. Expression of LjHandA, LjTbx20, and LjMyb in the lateral plate mesoderm of lamprey em
to the top. (A–C) Arrowheads indicate LjHandA-expressing cells in the lateral plate mesode
plate mesoderm. (G, H) Arrowheads indicate LjMyb-expressing immature hematopoietic cel
(I) Schematic model of expression patterns in lamprey embryos. LjHandA signals (green dots
blue) were observed in the anterior part of the LjHandA-positive area, and LjMyb-expressinWe then examined the expression pattern of AmphiNk2-tin
(Holland et al., 2003) to determine the distribution of the cardiac
mesoderm. Nkx2.5 in gnathostomes is reported to label the CM
(Deimling and Drysdale, 2009). AmphiNkx2-tin expression was
observed in the mid-ventral region at the 8/9-somite stage (arrow-
heads in Fig. 1G), and gradually expanded toward the caudal end of
the body (arrowheads in Fig. 1G–K). AmphiNk2-tin expression
persisted in the ventral mesoderm at least until early larval stage
(arrowheads in Fig. 1L). Thus, AmphiHand and AmphiNkx2-tin were
co-expressed in the ventral mesoderm at all stages examined,
suggesting that the amphioxus ventral mesoderm posterior to the
pharynx is not regionalized into cardiac mesoderm and posterior
ventral mesoderm, at least as determined by expression of these
markers.
To examine the distribution of the posterior ventral mesoderm in
amphioxus, we initially searched for the amphioxus ortholog of c-
myb, a gene used in zebraﬁsh as a molecular marker for immature
hematopoietic cells derived from the ventral side of the PLPM
(Thompson et al., 1998). We identiﬁed only one ortholog of the Myb
genes in the genome database (Putnam et al., 2008), which we named
AmphiMyb. Transcripts of AmphiMybwere ubiquitously distributed in
the body of amphioxus at both the 10/11-somite stage and early larval
stages (Fig. S2). Thus, AmphiMyb is not suitable as a marker of the
posterior ventral mesoderm in amphioxus.
We then examined whether the lateral plate mesoderm was
regionalized into the CM and the PLPM in the lamprey embryo (Fig. 2).
We examined the expression of LjHandA, the lamprey ortholog of
Hand1/2, to determine the distribution of the lateral plate mesoderm.
At stage 22, weak LjHandA signals were detected in the cardiacbryos. (A–H) Lateral view of embryos at stages 23, 24, and 26. Anterior to the left, dorsal
rm. (D–F) Arrowheads indicate LjTbx20-expressing cardiac cells in the anterior lateral
ls within the posterior lateral plate mesoderm. ph, pharyngeal arch. Scale bars: 500 μm.
) were observed throughout the lateral plate mesoderm, LjTbx20-expressing cells (light
g cells (light yellow) were seen in the region posterior to the LjTbx20-positive area.
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cells in the lateral body wall (data not shown). By stage 23, intense
LjHandA expression had appeared in the cardiac mesoderm. We also
observed an LjHandA-expressing domain in the lateral plate meso-
derm caudal to the presumptive heart ﬁeld (arrowheads in Fig. 2A). At
stage 24, strong expression of LjHandAwas observed in the heart tube
and also in cells of the lateral plate mesoderm caudal to the heart tube
(arrowheads in Fig. 2B). The intense LjHandA expression in the heart
remained until stage 26. We also observed LjHandA-expressing lateral
plate mesoderm covering the yolk.
To examine the distribution of the CM in lamprey embryos, we
examined the expression of LjTbx20 (Kokubo et al., 2010), the lamprey
ortholog of Tbx20, a gene expressed in heart ﬁelds of mouse and chick
embryos (Kraus et al., 2001). As we previously showed (Kokubo et al.,
2010), LjTbx20 transcripts were ﬁrst detected in the cardiac precursor
at stage 21 (not shown), and continued to be expressed in the formed
heart tube (arrowheads in Fig. 2D–F). Thus, in lamprey embryos, the
CM occupies the anterior part of the LjHandA-expressing lateral plate
mesoderm.
To clarify whether the LjTbx20-negative region of the lateral plate
mesoderm represented the PLPM, we then examined the expression
of LjMyb in the lamprey embryo as a molecular marker for the ventral
side of the PLPM. LjMyb expression ﬁrst appeared in cells of the lateral
plate mesoderm caudal to the LjTbx20-positive region at stage 23
(arrowheads in Fig. 2G). Until stage 24, LjMyb continued to be
expressed in the mesodermal cells caudal to the heart ﬁelds. The
signal disappeared from the lateral plate mesodermal cells by stage
26, leaving only weak signals that were seen throughout the
embryonic body (not shown). These latter signals probably reﬂect
initiation of the blood circulation (Tahara, 1988). Taken together, ourFig. 3. Expression of LjHox5i and LjHox6w in the lateral plate mesoderm of lamprey embryos.
the top. (D–F, J, K) Transverse sections through the lateral plate mesoderm where indicated
white arrowheads indicate anterior borders of Hox expression in the paraxial mesoderm. ect,
G-I), 100 μm (D–F, J, K).results suggest that the lateral platemesoderm is regionalized into the
CM and PLPM in lamprey embryos.
Expression of Hox in the lamprey lateral plate mesoderm
Hox gene expression in the lateral plate mesoderm is suspected
to specify the positions along the anterior–posterior axis where
limbs develop in chick embryos (Cohn et al., 1997; Nowicki and
Burke, 2000). It has also been proposed that emergence of paired
ﬁns during vertebrate evolution was associated with appearance of
staggered Hox expression boundaries in the lateral plate mesoderm
(Cohn and Tickle, 1999). In zebraﬁsh, chick, and mouse embryos,
pectoral ﬁns/forelimbs arise around the anterior border of Hox5-
and Hox6-expressing regions in the lateral plate mesoderm (Becker
et al., 1996; Nelson et al., 1996; Oliver et al., 1988; Waxman et al.,
2008).
To investigate whether the lateral plate mesoderm of the lamprey
expresses Hox, we examined LjHox5i and LjHox6w (Takio et al., 2004)
expression in lamprey embryos (Fig. 3). In stage 21 embryos, LjHox5i
and LjHox6w transcripts were found in the primitive paraxial
mesoderm and the neural tube (arrowheads in Fig. 3A, D, G, J). At
stage 22, the anterior border of LjHox5i expression in the lateral plate
mesoderm was found at the level of somites 9–10 (arrowheads in
Fig. 3B and E), whereas that of LjHox6wwas at the level of somites 14–
15 (arrowheads in Fig. 3H and K). In addition, expression of LjHox5i
and LjHox6w was observed at the same levels in the paraxial
mesoderm as in the lateral plate mesoderm (white arrowheads in
Fig. 3B and H; also see Fig. S3). LjHox5i and LjHox6w continued to be
expressed in the same regions of paraxial and lateral plate mesoderm
until stage 23 (Fig. 3C, F, I). In addition, expression of LjHox5i was(A–C, G–I) Lateral view of embryos at stages 21, 22, and 23. Anterior to the left, dorsal to
in (A–C, G, H). Black arrowheads indicate Hox expression in the lateral plate mesoderm;
ectoderm; nc, notochord; sm, somatic mesoderm; so, somites. Scale bars: 500 μm (A–C,
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genes are also likely to be involved in the speciﬁcation of the lateral
plate mesoderm in the lamprey.
Fin/limb initiation signals
Next, we examined whether the lamprey PLPM has acquired the
expression domains of genes known to be involved in gnathostome
limb initiation (Agarwal et al., 2003; Ahn et al., 2002; Min et al., 1998;
Ohuchi et al., 1997; Sekine et al., 1999; Takeuchi et al., 2003). We ﬁrst
examined the embryonic expression of LjFgf8/17 (Shigetani et al.,
2002), the lamprey ortholog of Fgf8. Fgf8 encodes proteins that areFig. 4. Histological analysis of the lateral plate mesoderm in lamprey embryos. (A–C, J) Sch
sections through the lateral plate mesoderm at the cardiac level (D–F, K, L) and PLPM (G–
LjHandA. The lateral plate mesoderm at the cardiac level was separated into somatic (sm) a
formation of the pericardial body wall (pb) and the heart (ht) by stage 30 (F). The underdeve
epithelium (pe, arrowheads in I). cp, cardiac progenitor cells; ec, ectoderm; ht, heart tube
mesoderm; sp, splanchnic mesoderm. Scale bars: 50 μm.secreted from the apical ectodermal ridge of ﬁn/limb buds and
promote ﬁn/limb outgrowth (Crossley et al., 1996; Vogel et al., 1996).
As previously reported (Shigetani et al., 2002), strong expression of
LjFgf8/17 was observed in the pharyngeal mesoderm as well as the
midbrain–hindbrain boundary and the tail buds.We did not, however,
detect any LjFgf8/17 expression in the ectoderm overlying the PLPM at
any stage examined (Fig. S4A–C).
In gnathostome limb/ﬁn buds, ectodermal expression of Fgf8 is
induced by Fgf10 secreted from the mesoderm of ﬁn/limb-forming
ﬁelds (Min et al., 1998; Ohuchi et al., 1997; Sekine et al., 1999). We
isolated a lamprey ortholog of Fgf10 called LjFgf7/10/22 (Fig. S1) and
examined its expression pattern (Fig. S4D–F). LjFgf7/10/22 wasematic diagrams of lamprey embryos at stages 23, 27, and 30. (D–I, K–M) Transverse
I, M) where indicated in (A–C, J). (D–I) Toluidine blue staining. (K–M) Expression of
nd splanchnic (sp) mesoderm at stages 23 (D) and 27 (E, K, L), and contributed to the
loped PLPMwas not separated (arrowheads in H, M), and contributed to the peritoneal
; lpm, lateral plate mesoderm; mt, myotome; pb, pericardial body wall; sm, somatic
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zebraﬁsh and chick embryos (Kelly et al., 2001; Pirvola et al., 2000).
However, no transcripts were detected in the posterior lateral plate
mesoderm at any stage examined (Fig. S4D–F).
Since Tbx5 induces Fgf10 expression in prospective limb-forming
regions (Agarwal et al., 2003; Ahn et al., 2002; Takeuchi et al., 2003),
we examined the expression of its lamprey ortholog, LjTbx4/5
(Kokubo et al., 2010). As previously reported (Kokubo et al., 2010),
LjTbx4/5 expression was observed in the LjTbx20-expressing CM but
not in the PLPM at any stage examined (Fig. S4G–I). These results
suggest that the PLPM of lamprey embryos has not acquired
expression of the ﬁn/limb initiation signals LjFgf8/17, LjFgf7/10/22,
and LjTbx4/5.Subdivision of the lateral plate mesoderm into somatic and splanchnic
layers
In chick and mouse embryos, limb buds are derived from the
somatic layers of the lateral plate mesoderm. To examine whether the
lamprey lateral plate mesoderm splits into somatic and splanchnic
layers, lamprey embryos were sectioned and stained with toluidine
blue (Fig. 4A–I). At stage 23, the lateral plate mesoderm at the cardiac
level was separated into somatic and splanchnic layers (sm and sp in
Fig. 4D), whereas the PLPM consisted of a mesenchymal layer two
cells thick (arrowheads in Fig. 4G). At stage 27, the heart tube had
formed from the splanchnic layer (sp and ht in Fig. 4E), whereas the
single cell layer of the PLPM had expanded ventrally to cover the
yolk (arrowheads in Fig. 4H) along the entire longitudinal axis
(not shown). By stage 30, the pericardiac wall had formed from
the somatic layers (pb in Fig. 4F), whereas the PLPM remainedFig. 5. Expression of AmphiFoxF, LjFoxF1/2, and LjIrx1/3. (A–D) Expression of AmphiFoxF at late
(B, D) Transverse sections at the level indicated in (A, C). (E) RT-PCR analysis of LjFoxF1/2 exp
25 and 27 embryos. (F–J) Expression of LjIrx1/3 at stages 22, 24, and 26. (F–H) Lateral view. A
LjIrx1/3 signals are seen in the lateral plate mesoderm (arrowheads). Note that LjIrx1/3 is ex
hindbrain; lpm, lateral plate mesoderm; mb, midbrain; nc, notochord; nd, nephric duct; nt, n
Scale bars: 25 μm in B, D; 100 μm in A, C, I, J; 500 μm in F–H.unseparated prior to the ammocoete stage(~stage 30; see pe in
Fig. 4I).
To conﬁrm these observations, we examined the expression of the
lateral plate mesoderm marker LjHandA in transverse sections of
lamprey embryos (Fig. 4J–M). As expected, LjHandA transcripts were
observed in the heart tube as well as the somatic and splanchnic
mesoderm (sm and sp in Fig. 4K). Interestingly, at the posterior end of
the lateral plate mesoderm (at the cardiac level, at somite 11),
delamination of the somatic and splanchnic layers was only observed
at the dorsal corner (arrowheads in Fig. 4L). Furthermore, we did not
detect any separation of mesodermal layers at the anterior end of the
PLPM (level of somite 12, arrowheads in Fig. 4M) or at any other level
along the anterior–posterior axis of the PLPM (not shown). These
results suggest that the lamprey embryonic lateral plate mesoderm
splits into somatic and splanchnic layers at the cardiac level, whereas
cells of the PLPM seem to have contributed to formation of the
epithelium of the peritoneal cavity.
To gain insight into how lateral plate mesoderm acquired the
speciﬁcation of somatic and splanchnic layers during evolution, we
investigated the expression of orthologs of Irx3 and FoxF1 in am-
phioxus and lamprey embryos. In chick embryos, FoxF1 is expressed
throughout the lateral plate mesoderm prior to its subdivision. Sub-
sequent to subdivision, Irx3 expression appears in the somatic
mesoderm and FoxF1 expression becomes restricted to the splanchnic
mesoderm (Funayama et al., 1999). In amphioxus, expression
patterns of three orthologs of Irx genes – BfIrxA, BfIrxB, and BfIrxC –
have been examined previously (Kaltenbach et al., 2009). Among
them, only BfIrxC is expressed in the ventral mesoderm cells lining the
coelom of amphioxus, and the BfIrxC transcripts are restricted to the
pharyngeal ventral mesoderm (Kaltenbach et al., 2009). Expression of
AmphiFoxF, the amphioxus ortholog of FoxF, has been examined at theneurula and early larval stages. (A, C) Lateral view. Anterior to the left, dorsal to the top.
ression in themesoderm overlying the yolk of stage 21 embryos and in the PLPM of stage
nterior to the left, dorsal to the top. (I, J) Transverse sections at the level indicated in (G).
pressed in the somatic layer at the cardiac level (I), but not in the PLPM (J). gt, gut; hb,
eural tube; ph, pharynx; sm, somatic mesoderm; so, somites; sp, splanchnic mesoderm;.
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brieﬂy described in the text (Mazet et al., 2006). To investigate
whether AmphiFoxF is expressed in the ventral mesoderm, we
examined the AmphiFoxF expression at late neurula and early larval
stages. At late neurula stage, AmphiFoxF transcripts were observed
throughout the ventral mesoderm, including the pharyngeal region
(Fig. 5A). Transverse sections conﬁrmed the distribution of AmphiFoxF
in the ventral mesoderm (Fig. 5B). The AmphiFoxF expression in the
ventral mesoderm remained until early larva stage (Fig. 5C, D). Thus,
in amphioxus, Irx expression is restricted at the pharyngeal ventral
mesoderm, whereas FoxF transcripts are distributed in the ventral
mesoderm from the pharynx to the posterior end of the animal.
Finally, we isolated orthologs of FoxF1/2 and Irx1/3 from lampreys
(Fig. S1D, E) and examined their expression patterns (Fig. 5E–J). The
temporal expressions of LjFoxF1/2 in the mesoderm overlying the yolk
of stage 21 lamprey embryos, and the PLPM of stage 25 and 27
lamprey embryos were investigated by RT-PCR (Fig. 5E). At stage 21,
transcripts of LjFoxF1/2 were hardly detectable in the mesoderm
overlying the yolk (Fig. 5E). By stage 25, strong expression of LjFoxF1/2
was observed in the PLPM. LjFoxF1/2 expression persisted in the
PLPM until stage 27 (Fig. 5E). We then examined expression patterns
of LjIrx1/3 in lamprey embryos (Fig. 5F–J). At stage 22, LjIrx1/3
expression was hardly detectable in the lateral plate mesoderm
(Fig. 5F). By stage 24, intensiﬁed expression of LjIrx1/3 was observed
in the somatic layers at the cardiac level (Fig. 5G, I), but no expression
of LjIrx1/3 was detected in the PLPM (Fig. 5G, J). At stage 26, LjIrx1/3
expressionwas reduced in somatic layers at the cardiac level (Fig. 5H).
In addition, expression of LjIrx1/3was seen in themidbrain, hindbrain,
neural tube, and pharynx (Fig. 5F–H), as seen in chick embryos
(Funayama et al., 1999). Thus, in lampreys, the somatic layers at the
cardiac level express LjIrx1/3, whereas the PLPM expresses LjFoxF but
not LjIrx1/3 at any stage examined.
Taken together, it appears that FoxF expression domains in the
primitive ventral mesoderm were acquired prior to the lineage of
amphioxus, and that Irx3 expression domains were ﬁrst acquired
in the primitive ventral mesoderm of ancestral chordates at the
pharyngeal level, and later in the somatic layers of the lateral plate
mesoderm of primitive vertebrates.
Discussion
Establishment of the posterior lateral plate mesoderm
We show that the amphioxus ventral mesoderm posterior to the
pharynx is not molecularly speciﬁed along the cardiac mesoderm and
posterior ventral mesoderm. In support of our results, other recent
works show that the amphioxus ortholog of Tbx20 is expressed
throughout the ventral mesoderm (Belgacem et al., 2011). On the
other hand, expression of Alx and Tbx1/10 is restricted to the
pharyngeal ventral mesoderm of amphioxus embryos (Mahadevan
et al., 2004; Meulemans and Bronner-Fraser, 2007), suggesting that
regionalization between the pharyngeal ventral mesoderm and the
ventral mesoderm posterior to the pharynx has already been
established in the lineage of cephalochordates (Fig. 6A). Although
the ventral mesoderm posterior to the pharynx is not regionalized
into the cardiac mesoderm and the posterior ventral mesoderm,
pharyngeal ventral mesoderm of cephalochordates can be regional-
ized along the anterior–posterior axis. We also show that, the lateral
plate mesoderm in lamprey is regionalized into the CM and PLPM.
Thus, the regionalization of the lateral plate mesoderm into the CM
and the PLPM seems to have already occurred in the lineage of
agnathans (Fig. 6B).
Recent studies in zebraﬁsh and mouse embryos suggest that
retinoic acid signaling delimits the adjacent heart ﬁelds and provides
an environment that is permissive for forelimb induction (Waxman
et al., 2008; Zhao et al., 2009). Retinaldehyde dehydrogenase 2(Raldh2)-deﬁcient mice lacking retinoic acid synthesis show caudal
expansion of the heart ﬁeld and fail to undergo forelimb induction
(Ryckebusch et al., 2008; Sirbu et al., 2008; Zhao et al., 2009).
Similarly, zebraﬁsh raldh2mutants lack pectoral ﬁns (Begemann et al.,
2001), and zebraﬁsh embryos treated with the retinoic acid inhibitor
4-diethylaminobenzaldehyde (DEAB) show expanded heart ﬁelds
and lack pectoral ﬁns (Waxman et al., 2008). Taken together, these
ﬁndings suggest that retinoic acid signaling may allow the lateral
plate mesoderm to be regionalized into the CM and the PLPM by
delimiting the CM.
During vertebrate evolution, such regionalization of the lateral plate
mesoderm via retinoic acid signaling may have been a crucial step in
acquiring ﬁn-forming ﬁelds in the PLPM. Retinoic acid signaling
plays pivotal roles during vertebrate development (Niederreither
et al., 1999) and seems to be conserved during chordate development
(Marletaz et al., 2006). Raldh2 and retinoic acid receptor (RAR) genes
have been identiﬁed in the genomes of both amphioxus and lampreys
(Canestro et al., 2006). Furthermore, RAR and Raldh2 transcripts have
been observed in amphioxus and lamprey embryos, respectively
(Castillo et al., 2010; Escriva et al., 2006). In addition, treatment of
both amphioxus and lampreys with retinoic acid and retinoic acid
inhibitors has been shown to affect anterior–posterior neural patterning
(Murakami et al., 2004; Schubert et al., 2006). Thus, it is likely that the
retinoic acid signaling pathway and its patterning roles were present in
the common ancestor of vertebrates and amphioxus, although the
distribution and function of retinoic acid in the ventral/lateral
mesoderm of these animals remain elusive.We previously demonstrat-
ed that treatment of lampreyswith a high concentration of retinoic acid
induced loss of the heart (Kuratani et al., 1998). On the other hand,
loss of Raldh2 function in gnathostomes leads to expansion of the heart
ﬁelds and loss of forelimbs (Ryckebusch et al., 2008). These results also
support our view that retinoic acidmay have played critical roles for the
regionalization of the lateral plate mesoderm into the CM and PLPM
during evolution.
In zebraﬁsh and mouse embryos, retinoic acid signaling seems to
regionalize the lateral plate mesoderm by controlling the expression
of Hox genes (Ryckebusch et al., 2008; Waxman et al., 2008).
Inhibition of retinoic acid signaling in zebraﬁsh with DEAB results in
downregulation of hoxb5b in the lateral plate mesoderm, expansion of
the heart ﬁelds, and the absence of pectoral ﬁns (Waxman et al.,
2008). Similarly, Raldh2-knockout mice show downregulation of
Hoxa1, expansion of the heart ﬁelds, and failure to initiate forelimb
bud formation (Ryckebusch et al., 2008). Thus, Hox expression in the
lateral plate mesoderm seems to be critical for establishing the ﬁn/
limb-forming ﬁelds within the PLPM by delimiting the CM in the
anterior region.
Hox gene expression was not detected in the segmented
mesoderm of amphioxus (the progenitor of the ventral mesoderm;
Holland et al., 1992; Wada et al., 1999), but was observed in the PLPM
of lampreys, as in gnathostomes. These ﬁndings suggest that novel
expression domains for Hox genes in the lateral plate mesodermwere
acquired after the split of amphioxus and cyclostomes. We speculate
that acquisition of novel expression domains for Hox genes in the
lateral plate mesoderm may have been a crucial event leading to
regionalization of the lateral plate mesoderm into the CM and PLPM.
Although we provide evidence that the amphioxus ventral
mesoderm posterior to the pharynx is not regionalized into CM and
posterior ventral mesoderm, we could not examine the distribution of
the posterior ventral mesoderm, corresponding to the PLPM in
vertebrates. AmphiMyb transcripts are not distributed exclusively in
hematopoietic cells, but are ubiquitous throughout the body of
amphioxus embryos and larvae. Ubiquitous expression of AmphiMyb
might be related to the fact that amphioxus do not possess hemocytes
(Moller and Philpott, 1973). Alternatively, PLPM-speciﬁc Myb might
be unique to vertebrates. Vertebrate genomes contain three Myb
genes: A-Myb, B-Myb and c-Myb. Phylogenetic analysis suggests that
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preceded by the insertion of a novel transcriptional activation domain
in the ancestral A-Myb/c-Myb gene, generated from the initial
duplication of an ancestral B-Myb-like gene (Simon et al., 2002).
Interestingly, A-Myb and c-Myb are expressed in the PLPM, but B-Myb
is expressed ubiquitously (Sitzmann et al., 1996; Sitzmann et al.,
1995). Thus, it is possible that amphioxus may not have acquired the
PLPM-speciﬁcMyb in its genome. Without proper PLPM markers, it is
not currently possible to distinguishwhether the ventralmesoderm of
ancestral chordates possessed the identity of only the CM or of both
the CM and the PLPM. Future studies are therefore needed to
investigate the expression of proper PLPM markers in amphioxus.Expression of Hox genes in the lateral plate mesoderm
In this study, we report for the ﬁrst time the expression of the Hox
genes LjHox5i and LjHox6w in the lateral platemesodermof developing
lamprey embryos. It is noteworthy that the anterior border of LjHox5i
was located anterior to that of LjHox6w in the lamprey lateral plate
mesoderm.
In zebraﬁsh, chick, and mouse, the anterior appendages arise
around the anterior limit of Hox5 or Hox6 expression in the lateral
plate mesoderm (Becker et al., 1996; Nelson et al., 1996; Oliver et al.,
1988; Waxman et al., 2008). In lampreys, the anterior borders of
LjHox5i and LjHox6w expression in the lateral plate mesoderm were
observed to be in the PLPM. It has been proposed that acquisition of
staggered Hox boundaries in the lateral plate mesoderm was critical
for the emergence of paired appendages during vertebrate evolution
(Coates and Cohn, 1999). Taken together, these ﬁndings suggest that
nested expression of Hox genes may pattern the lamprey lateral plate
mesoderm along the anterior–posterior axis to position the pectoral
ﬁn-forming ﬁelds. Interestingly, nested expression of LjHox genes has
also been observed in the central nervous system and pharyngeal
arches of lamprey embryos (Takio et al., 2007; Takio et al., 2004).
Although it is tempting to speculate about the collinearity of Hox
genes in lampreys, we cannot draw any conclusions without complete
information about the genomic linkage of Hox clusters in agnathan
vertebrates. Elucidation of the complete structure of lamprey Hox
clusters should provide insight into this problem.
We also observed nested expression of LjHox5i and LjHox6w in the
somites of developing lamprey embryos. In our study, the anterior
borders of LjHox5i and LjHox6wwere seen at the level of somite 9 and
14, respectively. In gnathostomes, Hox5 is expressed at the cervical
level, whereas Hox6 is expressed at the thoracic level (Burke et al.,
1995). Furthermore, the anterior border of Hox6 expression in the
somitesmay be associatedwith the position of the brachial plexus and
appendicular muscles (Burke et al., 1995). Similarly, lamprey Hox
genes may position the levels of ﬁn muscle precursors prior to the
emergence of the pectoral ﬁns. Although we have provided evidence
for nested Hox expression in lamprey somites, the genomic evidence
is too preliminary to advocate the collinearity of Hox in lampreys.Fig. 6.Model for evolution of the ventral and lateral plate mesoderm. (A–E) Summary of ex
(E). (A, B) Ventral mesoderm of amphioxus (A) and lateral plate mesoderm of lampreys (B)
tin/AmphiTbx20 are co-expressed in the amphioxus ventral mesoderm, whereas the LjHandA
and the LjMyb-positive PLPM (see text for more details). AmphiTbx20 expression after Hol
expression after Tiecke et al. (2007). ph, pharyngeal ventral mesoderm; vmp, ventral meso
lampreys (D), and gnathostomes (E). Schematic diagrams of cross-sections in the ventral me
acquired in the amphioxus ventral mesoderm posterior to the pharynx, although it remains
Irx3 expression domains are not acquired in the amphioxus ventral mesoderm posterior to
cardiac level. Furthermore, the Irx3 expression domains are acquired in the gnathostome PL
layers in the PLPM seems to be a critical step for the subsequent development of paired ﬁns
lateral plate mesoderm. (F) Model for acquisition of paired ﬁns during evolution. In cephaloc
along the anterior–posterior axis. After the divergence from cephalochordates, the lateral
expression domains for Hox genes. Overlying ectoderm was compartmentalized dorso-ven
PLPM proliferated, and the developed PLPMwas subdivided into somatic and splanchnic laye
the ﬁrst paired ﬁns (see text for more details). Tbx4/5model after Ruvinsky and Gibson-Brow
after Matsuura et al. (2008) and Tanaka (2009).Development of subdivided somatic layers in the PLPM
In lampreys, we observed that the lateral plate mesoderm was
subdivided into somatic and splanchnic layers at cardiac level by stage
23, whereas the PLPM remained a single, unseparated layer of cells
prior to the ammocoete stage.
The limb buds of gnathostomes are derived from the somatic
mesoderm of the PLPM and its overlying ectoderm. Unlike in
tetrapods, subdivision of teleost PLPM has not been previously
described. However, proliferation of the zebraﬁsh PLPMwas observed
prior to the initiation of pectoral ﬁn buds (Grandel and Schulte-
Merker, 1998). Furthermore, Hand2-positive cells derived from the
lateral plate mesoderm were observed around the developing gut at
24 h post-fertilization (Horne-Badovinac et al., 2003; Yin et al., 2010),
suggesting that the zebraﬁsh PLPM is likely to have separated during
development. Without proper histological evidence, however, we
cannot exclude the possibility that the unseparated PLPM contributes
to the formation of both ﬁns and gut muscles in teleost ﬁshes.
Proliferation and differentiation of the PLPM and formation of the
coelom cavity are likely to be critical for the emergence of paired
appendages. Further elucidation of the importance of PLPM differen-
tiation for limb development is needed to address our hypothesis. In
addition, although we suggest that cells derived from the PLPM
contribute to the formation of the peritoneal epithelium and blood
cells in lampreys, we cannot currently test this theory due to the
reduced expression of molecular markers in differentiated cells.
Lineage tracing studies of cells that arise from the PLPM of lampreys
should provide evidence to resolve this question.Evolution of the somatic and splanchnic mesoderm
In chick andmouse embryos, the lateral platemesoderm splits into
somatic and splanchnic layers. Prior to the subdivision, FoxF is
expressed throughout the lateral plate mesoderm. Subsequent to the
subdivision, FoxF expression becomes restricted to the splanchnic
mesoderm and Irx3 expression appears in the somatic mesoderm
(Fig. 6E; Funayama et al., 1999). In contrast, the lamprey lateral plate
mesoderm splits into somatic and splanchnic layers at the cardiac
level, but not in the PLPM. Furthermore, LjIrx1/3 expression was
observed at the cardiac somatic layers, but not in the PLPM, although
LjFoxF was expressed in the PLPM (Fig. 6D). More interestingly, the
amphioxus ventral mesoderm, which expresses cardiac mesoderm
markers, splits into somatic and splanchnic layers and expresses
AmphiFoxF from the pharynx to the posterior end of the animal.
However, the amphioxus Irx ortholog BfIrxC is expressed in the
anterior-most ventral mesoderm at the pharynx level of early larvae,
but not in the ventral mesoderm posterior to the pharynx (Fig. 6C;
Kaltenbach et al., 2009). These results provide a possible explanation
for the evolution of somatic and splanchnic layers of the lateral plate
mesoderm. Somatic and splanchnic layers of primitive ventral
mesoderm of ancestral chordates probably correspond to the samepression of molecular markers in amphioxus (A, C), lampreys (B, D), and gnathostomes
. Note that the ventral mesodermal marker AmphiHand and the CM markers AmphiNk2-
-positive lamprey lateral plate mesoderm is regionalized into the LjTbx20-positive CM
land et al. (2003); AmphiTbx1/10 expression after Mahadevan et al. (2004); LjTbx1/10
derm posterior to the pharynx. (C–E) Somatic and splanchnic layers of amphioxus (C),
soderm/lateral plate mesoderm at indicated levels. FoxF expression domains are already
unclear whether they are in the splanchnic and/or somatic layers (question marks in C).
the pharynx (dashed box in C), but are in the somatic layers of the lamprey LPM at the
PM, but not in the unseparated lamprey PLPM. Acquisition of the Irx3-positive somatic
/limbs (see text for more details). BfIrx expression after Kaltenbach et al. (2009). LPM,
hordates, the primitive lateral plate mesoderm/ventral mesoderm was not regionalized
plate mesoderm was regionalized into the CM and PLPM. The PLPM acquired novel
trally by ventral Engrailed expression. In stem gnathostomes, mesodermal cells in the
rs. The PLPM acquired novel expression domains of Tbx4/5, leading to the emergence of
n (2000); nested Hox expression model after Coates and Cohn (1999); Engrailedmodel
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positive lateral plate mesoderm may have been present in the
common ancestor of amphioxus and vertebrates. After the divergenceof ancestral chordates and vertebrates, Irx3-positive somatic meso-
derm may have been acquired in the lateral plate mesoderm at the
cardiac level. The FoxF-positive unseparated PLPMmay also have been
134 K. Onimaru et al. / Developmental Biology 359 (2011) 124–136acquired prior to the lineage of lampreys. The PLPM seems to have
split into two layers after ancestral vertebrates diverged from
lampreys and acquired the Irx3-positive somatic layers.
Although the somatic and splanchnic layers are morphologically
similar between the amphioxus ventral mesoderm and the lateral
plate mesoderm of gnathostomes we cannot exclude the possibility
that they represent homoplastic structures. Developmentally, the
amphioxus ventral mesodermal cells budding from the somites split
into somatic and splanchnic layers while they grow downward on
either side of the body (Kozmik et al., 2001; Holland et al., 2003),
whereas the somatic and splanchnic layers of gnathostomes are
separated from the single lateral plate mesodermal layer. Further-
more, in amphioxus, the ventral coelomic cavity lined by the somatic
and splanchnic layers seems to function as a vascular system (Stach,
1998). These differences in the developmental process and functions
of their derivatives may not automatically refute the homologies of
these layers, however, our present data are not capable of homolo-
gizing these embryonic layers in chordates. This question will require
further analyses and considerations in the future.
In the above connection, we have proposed that subdivision of the
primitive PLPM into somatic and splanchnic layers would have
occurred after the divergence between lampreys and gnathostomes.
It is equally possible, however, that the primitive PLPM of ancestral
vertebrates had already separated, and the unseparated PLPM
appeared secondarily in the lineage either of lampreys or cyclostomes.
Observation of PLPM development in hagﬁsh embryos may provide
key information to distinguish between such possibilities. Speciﬁca-
tion of the somatic mesoderm seems to be required for the formation
of paired ﬁns, and Irx expression in the somatic mesoderm may play
an important role in this process. Future studies are needed to explore
the function of Irx in developmental processes to understand the role
of Irx for the acquisition of paired ﬁns.
Model for the emergence of paired ﬁns during vertebrate evolution
We propose a model for the evolutionary sequence that led to the
emergence of paired ﬁns in the lateral plate mesoderm of ancestral
vertebrates (Fig. 6).
We showed that the amphioxus ventral mesoderm posterior to the
pharynx was not regionalized into the cardiac mesoderm and
posterior domain, whereas the lateral plate mesoderm of lampreys
was compartmentalized into the CM and PLPM. It has been suggested
that nested expression of Hox genes in the lateral plate mesoderm of
gnathostomes delimits the cardiac ﬁelds and provides an environ-
ment for limb formation (Waxman et al., 2008; Zhao et al., 2009).
Based on these ﬁndings, onewould expect, in ancestral chordates, that
the primitive ventral mesoderm posterior to the pharynx would not
be regionalized into anterior and posterior regions. Subsequently, Hox
genes acquired novel expression domains in the lateral plate
mesoderm in agnathan lineages, leading to the regionalization of
the lateral platemesoderm into the CM and PLPM. Althoughwe do not
knowwhether initial Hox expression showed collinear patterns in the
primitive PLPM of ancestral vertebrates, we suspect that the nested
expression of Hox genes allowed the positioning of ﬁn-forming ﬁelds
in the PLPM, as previously proposed (Coates and Cohn, 1999).
Limbs are positioned at the dorso-ventral compartment of
the body ectoderm. In gnathostome embryos, including dogﬁsh,
zebraﬁsh, chick, and mouse, Engrailed 1 is expressed in the ventral
ectoderm of the body wall and subsequently compartmentalizes the
underlying lateral plate mesoderm (Altabef et al., 1997; Laufer et al.,
1997; Loomis et al., 1996; Rodriguez-Esteban et al., 1997; Tanaka
et al., 2002; Tanaka et al., 1998). Interestingly, Engrailed expression
was also observed in the ectoderm of the ventral compartment of the
body wall of Japanese lamprey embryos (Matsuura et al., 2008).
The fact that the body ectoderm of the limbless lampreys acquired
Engrailed expression domains supports our previous view that thebody ectoderm of ancestral agnathans may have been compartmen-
talized dorso-ventrally due to Engrailed expression (Tanaka et al.,
2002). Epithelial expression of Engrailed 1 in mouse was shown to
localize the pigment cells to the dorsal side (Candille et al., 2004;
Cygan et al., 1997). Thus, it is tempting to suggest that lamprey
Engrailed expression also plays a role in this process. Interestingly,
Engrailed appears in the ectoderm of lampreys concomitant with the
onset of pigment cell migration (Tahara, 1988). Thus, we speculate
that ectodermal Engrailed expression used in ancestral limbless
agnathans for pigment localization may also have been utilized for
novel functions such as ﬁn positioning along the dorso-ventral axis,
although the role of lamprey Engrailed remains unclear.
In this study, we showed that lamprey PLPM was not subdivided
into somatic mesoderm (somatopleure) and splanchnic mesoderm
(splanchnopleure), and had not acquired an Irx3-expression domain.
Acquisition of Irx3 expression in the PLPM of ancestral agnathans may
have provided a permissive environment for emergence of ﬁn-
forming ﬁelds.
In the limb initiation phase, Tbx5 is required for induction of Fgf10
expression in the mesoderm of forelimb-forming ﬁelds, and Fgf10
induces Fgf8 expression in the overlying ectoderm (Agarwal et al.,
2003; Ahn et al., 2002; Min et al., 1998; Ohuchi et al., 1997; Sekine
et al., 1999; Takeuchi et al., 2003). On the other hand, expression of
the lamprey orthologs LjTbx4/5, LjFgf7/10/22, and LjFgf8/17 was not
observed in the body wall of developing lamprey embryos. Further-
more, the ability of amphioxus Tbx4/5 genes to induce limb formation
has been shown in mouse transgenic lines (Minguillon et al., 2009).
Thus, acquisition of novel Tbx4/5 expression domains in the PLPM of
ancestral agnathans must have been crucial for acquisition of paired
ﬁns, a view that was originally proposed by (Ruvinsky and Gibson-
Brown, 2000). However, Tbx4/5 is expressed in the ventral mesoderm
of limbless amphioxus (Horton et al., 2008). Our work resolves this
apparent contradiction. Because the ventral mesoderm of amphioxus
is not regionalized into cardiac mesoderm and posterior ventral
mesoderm, the expression of Tbx4/5 in the ventral mesoderm may
contribute only to heart differentiation. We propose that acquisition
of paired ﬁns may have required novel expression domains of limb
initiation signals in the ancestral lateral plate mesoderm, as well as
regionalization and patterning along its anterior–posterior axis,
compartmentalization along its dorso-ventral axis, increased cell
proliferation, and subdivision into somatic and splanchnic layers.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.08.003.
Acknowledgments
We thankManami Matsuura, Nobuhiro Kokubo, Rie Kusakabe, and
Yoko Takio for technical advice, Shogo Ueda for collecting embryos,
Sutada Mungpakdee and Jr-Kai Sky Yu for collecting embryos and for
critical comments, Yuji Kohara for providing amphioxus EST clones,
Nori Satoh for helpful suggestions, and the Ebetsu Fishery Cooperative
for providing adult lampreys. We also thank Anne C. Burke and Frank
J. Tulenko for communicating unpublished observations. This work
was supported by a Grant-in-Aid for Young Scientists Category A from
the Ministry of Education, Science, Sports, and Culture of Japan (MT)
and the Inamori Foundation (MT).
References
Agarwal, P., Wylie, J.N., Galceran, J., Arkhitko, O., Li, C., Deng, C., Grosschedl, R., Bruneau,
B.G., 2003. Tbx5 is essential for forelimb bud initiation following patterning of the
limb ﬁeld in the mouse embryo. Development 130, 623–633.
Ahn, D.G., Kourakis, M.J., Rohde, L.A., Silver, L.M., Ho, R.K., 2002. T-box gene tbx5 is
essential for formation of the pectoral limb bud. Nature 417, 754–758.
Altabef, M., Clarke, J.D., Tickle, C., 1997. Dorso-ventral ectodermal compartments and
origin of apical ectodermal ridge in developing chick limb. Development 124,
4547–4556.
135K. Onimaru et al. / Developmental Biology 359 (2011) 124–136Becker, D., Jiang, Z., Knodler, P., Deinard, A.S., Eid, R., Kidd, K.K., Shashikant, C.S., Ruddle,
F.H., Schughart, K., 1996. Conserved regulatory element involved in the early onset
of Hoxb6 gene expression. Dev. Dyn. 205, 73–81.
Begemann, G., Schilling, T.F., Rauch, G.J., Geisler, R., Ingham, P.W., 2001. The zebraﬁsh
neckless mutation reveals a requirement for raldh2 in mesodermal signals that
pattern the hindbrain. Development 128, 3081–3094.
Belgacem, M.R., Escande, M.L., Escriva, H., Bertrand, S., 2011. Amphioxus Tbx6/16 and
Tbx20 embryonic expression patterns reveal ancestral functions in chordates. Gene
Expr. Patterns 11, 239–243.
Burke, A.C., Nelson, C.E., Morgan, B.A., Tabin, C., 1995. Hox genes and the evolution of
vertebrate axial morphology. Development 121, 333–346.
Candille, S.I., Van Raamsdonk, C.D., Chen, C., Kuijper, S., Chen-Tsai, Y., Russ, A., Meijlink, F.,
Barsh, G.S., 2004. Dorsoventral patterning of themouse coat by Tbx15. PLoS biol. 2, E3.
Canestro, C., Postlethwait, J.H., Gonzalez-Duarte, R., Albalat, R., 2006. Is retinoic acid
genetic machinery a chordate innovation? Evol. Dev. 8, 394–406.
Castillo, H.A., Cravo, R.M., Azambuja, A.P., Simoes-Costa, M.S., Sura-Trueba, S., Gonzalez,
J., Slonimsky, E., Almeida, K., Abreu, J.G., de Almeida, M.A., Sobreira, T.P., de Oliveira,
S.H., de Oliveira, P.S., Signore, I.A., Colombo, A., Concha, M.L., Spengler, T.S.,
Bronner-Fraser, M., Nobrega, M., Rosenthal, N., Xavier-Neto, J., 2010. Insights into
the organization of dorsal spinal cord pathways from an evolutionarily conserved
raldh2 intronic enhancer. Development 137, 507–518.
Charite, J., McFadden, D.G., Olson, E.N., 2000. The bHLH transcription factor dHAND
controls Sonic hedgehog expression and establishment of the zone of polarizing
activity during limb development. Development 127, 2461–2470.
Coates, M.I., 1994. The origin of vertebrate limbs. Dev Suppl. 169–180.
Coates, M.I., Cohn, M.J., 1999. Vertebrate axial and appendicular patterning: the early
development of paired appendages. Am. Zool. 39, 676–685.
Cohn, M.J., Patel, K., Krumlauf, R., Wilkinson, D.G., Clarke, J.D., Tickle, C., 1997. Hox9
genes and vertebrate limb speciﬁcation. Nature 387, 97–101.
Cohn, M.J., Tickle, C., 1999. Developmental basis of limblessness and axial patterning in
snakes. Nature 399, 474–479.
Crossley, P.H., Minowada, G., MacArthur, C.A., Martin, G.R., 1996. Roles for FGF8 in the
induction, initiation, andmaintenance of chick limb development. Cell 84, 127–136.
Cygan, J.A., Johnson, R.L., McMahon, A.P., 1997. Novel regulatory interactions revealed
by studies of murine limb pattern in Wnt-7a and En-1 mutants. Development 124,
5021–5032.
Damas, H., 1944. Recherches sur la de'veloppement de Lampetra ﬂuviatilis L.
Contribution a' l' e'tude de lq ce'phalogene'se des verte'bre's. Arch. Biol. 55, 1–284.
Deimling, S.J., Drysdale, T.A., 2009. Retinoic acid regulates anterior–posterior patterning
within the lateral plate mesoderm of Xenopus. Mech. Dev. 126, 913–923.
Donghue, P.C.J., Forey, P.L., Aldridge, R.J., 2000. Conodont afﬁnity and chordate
phylogeny. Biol. Rev. 75, 191–251.
Escriva, H., Bertrand, S., Germain, P., Robinson-Rechavi, M., Umbhauer, M., Cartry, J.,
Duffraisse, M., Holland, L., Gronemeyer, H., Laudet, V., 2006. Neofunctionalization in
vertebrates: the example of retinoic acid receptors. PLoS genet. 2, e102.
Funayama, N., Sato, Y., Matsumoto, K., Ogura, T., Takahashi, Y., 1999. Coelom formation:
binary decision of the lateral plate mesoderm is controlled by the ectoderm.
Development 126, 4129–4138.
Gess, R.W., Coates, M.I., Rubidge, B.S., 2006. A lamprey from the Devonian period of
South Africa. Nature 443, 981–984.
Gibson-Brown, J.J., Agulnik, S.I., Chapman, D.L., Alexiou, M., Garvey, N., Silver, L.M.,
Papaioannou, V.E., 1996. Evidence of a role for T-box genes in the evolution of limb
morphogenesis and the speciﬁcation of forelimb/hindlimb identity. Mech. Dev. 56,
93–101.
Grandel, H., Schulte-Merker, S., 1998. The development of the paired ﬁns in the
zebraﬁsh (Danio rerio). Mech. Dev. 79, 99–120.
Holland, L.Z., Holland, P.W., Holland, N.D., 1996. Revealing homologies between body
parts of distantly related animals by in situ hybridization to developmental genes:
amphioxus versus vertebrates. In: Ferraris, J.D., Palumbi, S.R. (Eds.), Molecular
zoology: Advances, Strategies, and Protocols. Wiley-Liss, New York, pp. 267–282.
473–483.
Holland, L.Z., Yu, J.K., 2004. Cephalochordate (amphioxus) embryos: procurement,
culture, and basic methods. Methods cell biol. 74, 195–215.
Holland, N.D., Venkatesh, T.V., Holland, L.Z., Jacobs, D.K., Bodmer, R., 2003. AmphiNk2-
tin, an amphioxus homeobox gene expressed in myocardial progenitors: insights
into evolution of the vertebrate heart. Dev. Biol. 255, 128–137.
Holland, P.W., Holland, L.Z., Williams, N.A., Holland, N.D., 1992. An amphioxus
homeobox gene: sequence conservation, spatial expression during development
and insights into vertebrate evolution. Development 116, 653–661.
Horne-Badovinac, S., Rebagliati, M., Stainier, D.Y., 2003. A cellular framework for gut-
looping morphogenesis in zebraﬁsh. Science 302, 662–665.
Horton, A.C., Mahadevan, N.R., Minguillon, C., Osoegawa, K., Rokhsar, D.S., Ruvinsky, I.,
de Jong, P.J., Logan, M.P., Gibson-Brown, J.J., 2008. Conservation of linkage and
evolution of developmental function within the Tbx2/3/4/5 subfamily of T-box
genes: implications for the origin of vertebrate limbs. Dev. genes evol. 218,
613–628.
Isaac, A., Rodriguez-Esteban, C., Ryan, A., Altabef, M., Tsukui, T., Patel, K., Tickle, C.,
Izpisua-Belmonte, J.C., 1998. Tbx genes and limb identity in chick embryo
development. Development 125, 1867–1875.
Janvier, P., 1996. Early Vertebrates. Clarendon Press, Oxford.
Kaltenbach, S.L., Holland, L.Z., Holland, N.D., Koop, D., 2009. Developmental expression
of the three iroquois genes of amphioxus (BfIrxA, BfIrxB, and BfIrxC) with special
attention to the gastrula organizer and anteroposterior boundaries in the central
nervous system. Gene Expr. Patterns 9, 329–334.
Kelly, R.G., Brown, N.A., Buckingham, M.E., 2001. The arterial pole of the mouse heart
forms from Fgf10-expressing cells in pharyngeal mesoderm. Dev. Cell 1, 435–440.Kimura, M., 1980. A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotids sequences. J. Mol. Evol.
16, 111–120.
Kokubo, N., Matsuura, M., Onimaru, K., Tiecke, E., Kuraku, S., Kuratani, S., Tanaka, M.,
2010. Mechanisms of heart development in the Japanese lamprey, Lethenteron
japonicum. Evol. Dev. 12, 34–44.
Kozmik, Z., Holland, L.Z., Schubert, M., Lacalli, T.C., Kreslova, J., Vlcek, C., Holland, N.D.,
2001. Characterization of Amphioxus AmphiVent, an evolutionarily conserved
marker for chordate ventral mesoderm. Genesis 29, 172–179.
Kraus, F., Haenig, B., Kispert, A., 2001. Cloning and expression analysis of the mouse T-
box gene tbx20. Mech. Dev. 100, 87–91.
Kuraku, S., Takio, Y., Sugahara, F., Takechi, M., Kuratani, S., 2010. Evolution of
oropharyngeal patterning mechanisms involving Dlx and endothelins in verte-
brates. Dev. Biol. 341, 315–323.
Kuratani, S., Ueki, T., Hirano, S., Aizawa, S., 1998. Rostral truncation of a cyclostome,
Lampetra japonica, induced by all-trans retinoic acid deﬁnes the head/trunk
interface of the vertebrate body. Dev. Dyn. 211, 35–51.
Laufer, E., Dahn, R., Orozco, O.E., Yeo, C.Y., Pisenti, J., Henrique, D., Abbott, U.K., Fallon, J.
F., Tabin, C., 1997. Expression of Radical fringe in limb-bud ectoderm regulates
apical ectodermal ridge formation. Nature 386, 366–373.
Lints, T.J., Parsons, L.M., Hartley, L., Lyons, I., Harvey, R.P., 1993. Nkx-2.5: a novel murine
homeobox gene expressed in early heart progenitor cells and their myogenic
descendants. Development 119, 419–431.
Logan, M., 2003. Finger or toe: the molecular basis of limb identity. Development 130,
6401–6410.
Logan, M., Simon, H.G., Tabin, C., 1998. Differential regulation of T-box and homeobox
transcription factors suggests roles in controlling chick limb-type identity.
Development 125, 2825–2835.
Loomis, C.A., Harris, E., Michaud, J., Wurst, W., Hanks, M., Joyner, A.L., 1996. The mouse
Engrailed-1 gene and ventral limb patterning. Nature 382, 360–363.
Mahadevan, N.R., Horton, A.C., Gibson-Brown, J.J., 2004. Developmental expression of
the amphioxus Tbx1/10 gene illuminates the evolution of vertebrate branchial
arches and sclerotome. Dev. genes evol. 214, 559–566.
Mahlapuu, M., Ormestad, M., Enerback, S., Carlsson, P., 2001. The forkhead transcription
factor Foxf1 is required for differentiation of extra-embryonic and lateral plate
mesoderm. Development 128, 155–166.
Marletaz, F., Holland, L.Z., Laudet, V., Schubert, M., 2006. Retinoic acid signaling and the
evolution of chordates. Int. J. Biol. Sci. 2, 38–47.
Matsuura, M., Nishihara, H., Onimaru, K., Kokubo, N., Kuraku, S., Kusakabe, R., Okada, N.,
Kuratani, S., Tanaka, M., 2008. Identiﬁcation of four Engrailed genes in the Japanese
lamprey, Lethenteron japonicum. Dev. Dyn. 237, 1581–1589.
Mazet, F., Amemiya, C.T., Shimeld, S.M., 2006. An ancient Fox gene cluster in bilaterian
animals. Curr. Biol. 16, R314–R316.
Meulemans, D., Bronner-Fraser, M., 2007. Insights from amphioxus into the evolution of
vertebrate cartilage. PLoS ONE 2, e787.
Min, H., Danilenko, D.M., Scully, S.A., Bolon, B., Ring, B.D., Tarpley, J.E., DeRose, M.,
Simonet, W.S., 1998. Fgf-10 is required for both limb and lung development and
exhibits striking functional similarity to Drosophila branchless. Genes Dev. 12,
3156–3161.
Minguillon, C., Gibson-Brown, J.J., Logan, M.P., 2009. Tbx4/5 gene duplication and the
origin of vertebrate pairedappendages. Proc.Natl. Acad. Sci.U. S. A. 106,21726–21730.
Moller, P.C., Philpott, C.W., 1973. The circulatory system of amphioxus (Brachiostoma
ﬂoridae). II. Uptake of exogenous proteins by endothelial cells. Z. Zellforsch. 143,
135–141.
Murakami, Y., Ogasawara, M., Sugahara, F., Hirano, S., Satoh, N., Kuratani, S., 2001.
Identiﬁcation and expression of the lamprey Pax6 gene: evolutionary origin of the
segmented brain of vertebrates. Development 128, 3521–3531.
Murakami, Y., Pasqualetti, M., Takio, Y., Hirano, S., Rijli, F.M., Kuratani, S., 2004.
Segmental development of reticulospinal and branchiomotor neurons in lamprey:
insights into the evolution of the vertebrate hindbrain. Development 131, 983–995.
Nelson, C.E., Morgan, B.A., Burke, A.C., Laufer, E., DiMambro, E., Murtaugh, L.C., Gonzales,
E., Tessarollo, L., Parada, L.F., Tabin, C., 1996. Analysis of Hox gene expression in the
chick limb bud. Development 122, 1449–1466.
Niederreither, K., Subbarayan, V., Dolle, P., Chambon, P., 1999. Embryonic retinoic acid
synthesis is essential for early mouse post-implantation development. Nat. Genet.
21, 444–448.
Nowicki, J.L., Burke, A.C., 2000. Hox genes and morphological identity: axial versus
lateral patterning in the vertebrate mesoderm. Development 127, 4265–4275.
Ohuchi, H., Nakagawa, T., Yamamoto, A., Araga, A., Ohata, T., Ishimaru, Y., Yoshioka, H.,
Kuwana, T., Nohno, T., Yamasaki, M., Itoh, N., Noji, S., 1997. The mesenchymal
factor, FGF10, initiates and maintains the outgrowth of the chick limb bud through
interaction with FGF8, an apical ectodermal factor. Development 124, 2235–2244.
Oliver, G., Wright, C.V., Hardwicke, J., De Robertis, E.M., 1988. Differential antero-
posterior expression of two proteins encoded by a homeobox gene in Xenopus and
mouse embryos. EMBO J. 7, 3199–3209.
Pirvola, U., Spencer-Dene, B., Xing-Qun, L., Kettunen, P., Thesleff, I., Fritzsch, B., Dickson,
C., Ylikoski, J., 2000. FGF/FGFR-2(IIIb) signaling is essential for inner ear
morphogenesis. J. Neurosci. 20, 6125–6134.
Putnam, N.H., Butts, T., Ferrier, D.E., Furlong, R.F., Hellsten, U., Kawashima, T., Robinson-
Rechavi, M., Shoguchi, E., Terry, A., Yu, J.K., Benito-Gutiérrez, E.L., Dubchak, I.,
Garcia-Fernàndez, J., Gibson-Brown, J.J., Grigoriev, I.V., Horton, A.C., de Jong, P.J.,
Jurka, J., Kapitonov, V.V., Kohara, Y., Kuroki, Y., Lindquist, E., Lucas, S., Osoegawa, K.,
Pennacchio, L.A., Salamov, A.A., Satou, Y., Sauka-Spengler, T., Schmutz, J., Shin-I, T.,
Toyoda, A., Bronner-Fraser, M., Fujiyama, A., Holland, L.Z., Holland, P.W., Satoh, N.,
Rokhsar, D.S., 2008. The amphioxus genome and the evolution of the chordate
karyotype. Nature 453, 1064–1071.
136 K. Onimaru et al. / Developmental Biology 359 (2011) 124–136Rodriguez-Esteban, C., Schwabe, J.W., De La Pena, J., Foys, B., Eshelman, B., Belmonte, J.C.,
1997. Radical fringe positions the apical ectodermal ridge at the dorsoventral
boundary of the vertebrate limb. Nature 386, 360–366.
Ruvinsky, I., Gibson-Brown, J.J., 2000. Genetic and developmental bases of serial
homology in vertebrate limb evolution. Development 127, 5233–5244.
Ruvinsky, I., Silver, L.M., Gibson-Brown, J.J., 2000. Phylogenetic analysis of T-Box genes
demonstrates the importance of amphioxus for understanding evolution of the
vertebrate genome. Genetics 156, 1249–1257.
Ryckebusch, L., Wang, Z., Bertrand, N., Lin, S.C., Chi, X., Schwartz, R., Zaffran, S.,
Niederreither, K., 2008. Retinoic acid deﬁciency alters second heart ﬁeld formation.
Proc. Natl. Acad. Sci. U. S. A. 105, 2913–2918.
Schubert, M., Holland, N.D., Laudet, V., Holland, L.Z., 2006. A retinoic acid-Hox hierarchy
controls both anterior/posterior patterning and neuronal speciﬁcation in the
developing central nervous system of the cephalochordate amphioxus. Dev. Biol.
296, 190–202.
Sekine, K., Ohuchi, H., Fujiwara, M., Yamasaki, M., Yoshizawa, T., Sato, T., Yagishita, N.,
Matsui, D., Koga, Y., Itoh, N., Kato, S., 1999. Fgf10 is essential for limb and lung
formation. Nat. Genet. 21, 138–141.
Shigetani, Y., Sugahara, F., Kawakami, Y., Murakami, Y., Hirano, S., Kuratani, S., 2002.
Heterotopic shift of epithelial–mesenchymal interactions in vertebrate jaw
evolution. Science 296, 1316–1319.
Shipley, A.E., 1887. On some points in the development of Petromyzon ﬂuviatilis. Q. J.
Microsc. Sci. 27, 325–370.
Simon, A.L., Stone, E.A., Sidow, A., 2002. Inference of functional regions in proteins by
quantiﬁcation of evolutionary constraints. Proc. Natl. Acad. Sci. U. S. A. 99, 2912–2917.
Sirbu, I.O., Zhao, X., Duester, G., 2008. Retinoic acid controls heart anteroposterior patterning
by down-regulating Isl1 through the Fgf8 pathway. Dev. Dyn. 237, 1627–1635.
Sitzmann, J., Noben-Trauth, K., Kamano, H., Klempnauer, K.H., 1996. Expression of B-
Myb during mouse embryogenesis. Oncogene 12, 1889–1894.
Sitzmann, J., Noben-Trauth, K., Klempnauer, K.H., 1995. Expression of mouse c-myb
during embryonic development. Oncogene 11, 2273–2279.
Srivastava, D., Cserjesi, P., Olson, E.N., 1995. A subclass of bHLH proteins required for
cardiac morphogenesis. Science 270, 1995–1999.
Stach, T., 1998. Coelomic cavities may function as a vascular system in amphioxus
larvae. Biol. Bull. 195, 260–263.
Steinberg, M., 1957. A nonnutrient culture medium for amphibian embryonic tissues.
Year B. Carnegie Inst. Wash. 56, 347–348.
Tahara, Y., 1988. Normal stages of development in the lamprey, Lampetra reissneri
(Dybowski). Zool. sci. 5, 109–118.
Takeuchi, J.K., Koshiba-Takeuchi, K., Suzuki, T., Kamimura, M., Ogura, K., Ogura, T., 2003.
Tbx5 and Tbx4 trigger limb initiation through activation of the Wnt/Fgf signaling
cascade. Development 130, 2729–2739.
Takio, Y., Kuraku, S., Murakami, Y., Pasqualetti, M., Rijli, F.M., Narita, Y., Kuratani, S.,
Kusakabe, R., 2007. Hox gene expression patterns in Lethenteron japonicumembryos — insights into the evolution of the vertebrate Hox code. Dev Biol 308,
606–620.
Takio, Y., Pasqualetti, M., Kuraku, S., Hirano, S., Rijli, F.M., Kuratani, S., 2004.
Evolutionary biology: lamprey Hox genes and the evolution of jaws. Nature 429
1 pp., following 262.
Tanaka, M., 2009. Evolution of Vertebrate Limb Development. Encyclopedia of Life
Sciences. doi:10.1002/9780470015902.a0002099.
Tanaka, M., Munsterberg, A., Anderson, W.G., Prescott, A.R., Hazon, N., Tickle, C., 2002.
Fin development in a cartilaginous ﬁsh and the origin of vertebrate limbs. Nature
416, 527–531.
Tanaka, M., Shigetani, Y., Sugiyama, S., Tamura, K., Nakamura, H., Ide, H., 1998. Apical
ectodermal ridge induction by the transplantation of En-1-overexpressing
ectoderm in chick limb bud. Dev. Growth Differ. 40, 423–429.
Tiecke, E., Matsuura, M., Kokubo, N., Kuraku, S., Kusakabe, R., Kuratani, S., Tanaka, M.,
2007. Identiﬁcation and developmental expression of two Tbx1/10-related genes in
the agnathan Lethenteron japonicum. Dev. Genes Evol. 217, 691–697.
Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTALW: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-speciﬁc gap penalties and weight matrix choice. Nucleic acids res. 22,
4673–4680.
Thompson, M.A., Rosenthal, M.A., Ellis, S.L., Friend, A.J., Zorbas, M.I., Whitehead, R.H.,
Ramsay, R.G., 1998. c-Myb down-regulation is associated with human colon cell
differentiation, apoptosis, and decreased Bcl-2 expression. Cancer res. 58,
5168–5175.
Vogel, A., Rodriguez, C., Izpisua-Belmonte, J.C., 1996. Involvement of FGF-8 in
initiation, outgrowth and patterning of the vertebrate limb. Development 122,
1737–1750.
Wada, H., Garcia-Fernandez, J., Holland, P.W., 1999. Colinear and segmental expression
of amphioxus Hox genes. Dev. Biol. 213, 131–141.
Waxman, J.S., Keegan, B.R., Roberts, R.W., Poss, K.D., Yelon, D., 2008. Hoxb5b acts
downstream of retinoic acid signaling in the forelimb ﬁeld to restrict heart ﬁeld
potential in zebraﬁsh. Dev. Cell 15, 923–934.
Yelon, D., Ticho, B., Halpern, M.E., Ruvinsky, I., Ho, R.K., Silver, L.M., Stainier, D.Y., 2000.
The bHLH transcription factor hand2 plays parallel roles in zebraﬁsh heart and
pectoral ﬁn development. Development 127, 2573–2582.
Yin, C., Kikuchi, K., Hochgreb, T., Poss, K.D., Stainier, D.Y., 2010. Hand2 regulates
extracellular matrix remodeling essential for gut-looping morphogenesis in
zebraﬁsh. Dev. Cell 18, 973–984.
Yu, J.K., Satou, Y., Holland, N.D., Shin, I.T., Kohara, Y., Satoh, N., Bronner-Fraser, M.,
Holland, L.Z., 2007. Axial patterning in cephalochordates and the evolution of the
organizer. Nature 445, 613–617.
Zhao, X., Sirbu, I.O., Mic, F.A., Molotkova, N., Molotkov, A., Kumar, S., Duester, G., 2009.
Retinoic acid promotes limb induction through effects on body axis extension but is
unnecessary for limb patterning. Curr. Biol. 19, 1050–1057.
